Abstract In this paper, nitrogen dielectric barrier discharge (DBD) plasma was generated in a quartz tube with coaxial wire-cylinder electrodes at atmospheric pressure. By varying the nitrogen gas flow (FN ) in the range of 0-1 m 3 /h, the plasma optical emission spectra (OES) were measured and studied. The vibration (T vib ) and rotation temperature (Trot) of nitrogen were obtained, by fitting the rovibronic bands of N2(C 3 Πu − B 3 Πg, 0-1), and by the Boltzmann plot method for purposes of comparison. T vib increased up to 2481 K with increasing nitrogen flow till 0.2 m 3 /h, and then decreased with further increasing FN , while Trot decreased monotonously and approached to ∼350 K for FN ≥ 0.6 m 3 /h. The intensity of N2(C 3 Πu − B 3 Πg, 0-0, 1-0, 0-3) and N
Introduction
Dielectric barrier discharge (DBD) produces low temperature, non-thermal plasma, by suppressing discharge current using an insulator between the electrodes [1, 2] . According to discharge performance, DBD is usually classified into the mode of the micro streamer discharge with many bright filaments between electrodes and the mode of the glow discharge with perfect spatial uniformity [3, 4] . In the micro streamer discharge mode, DBD discharge produces a large number of short lifetime active species such as ions, free radicals, excited state atoms and molecules, etc., to form a special physical and chemical circumstance with the density and energy of electrons influencing the chemical reaction process, the density and type of the active species determining the chemical rate [5−7] . Such chemical activity of the DBD plasma has been widely used in the surface modification, pollutant control and removal etc [7−10] .
However, the non-uniformity of the spatial properties of micro streamer discharge limits the further application of DBD [11−14] . DBD discharge in glow discharge mode forms the discharge plasma with perfect spatial uniform properties. However, the formation of the DBD plasma in the glow discharge mode still needs extra conditions such as inert gas, a very small distance between electrodes etc., which are uneconomical and inadaptable in product application [15−17] . In this paper, we studied the influence of gas flow on the DBD discharge mode as well as the discharge mode transition and tried to explore the requisites for forming spatial uniform discharge plasma in DBD discharge.
Many studies have been centered on exploring ways for improving the electrical efficiency and property spatial uniformity of DBD discharge [11−14] . As is well known, most micro streamer DBD discharges produce very bright filament channels between electrodes, induced by the seed electrons remaining after the last ignition, and then bring into an avalanche process under the action of the reversed electric field [3] . Some manners, such as shortening the electrode gap, filling inert gas, and varying pressure, can improve the spatial uniformity of DBD discharge plasma to a certain extent [4, 18] . By varying the gas flow filling into the discharge gap, filamentary discharge can be weak-ened, and even change to a glow-like discharge. This is a very promising method to produce spatial uniform DBD plasma used in various productions.
Optical emission spectrum applied to the diagnosis of low temperature plasma has many advantages, such as it does not interfere with the plasma process, a high spatial resolution, obtaining T vib , T rot and species information of discharge plasma [19−21] . In this paper, the T vib and T rot of nitrogen plasmas in a coaxial DBD discharge were obtained by measuring the emission spectrum of DBD discharge plasma. For an explanation of discharge mode transition, the OES intensity variation was studied with changing F N . Based on the experimental results and discharge photo recognition, the discharge mode transition from filamentary to glow-like discharge is confirmed and a possible mechanism for mode transition was suggested. From the mechanism, the discharge mode transition can be characterized with T vib , T rot variation and OES intensity evolution.
Experimental setup and procedures
The experimental setup is illustrated schematically in Fig. 1 . It is composed of a DBD reactor and a monitoring system consisting of electrical parameter measurement and plasma OES measurement. The DBD reactor is a quartz tube with 2.5 mm inner diameter and 4.7 mm outer diameter. The coaxial copper wirecycle with 5 turns and 1 cm turn space is winded round the quartz tube as the ground electrode. A 0.2 mm diameter tungsten wire is on the axis as a center electrode [5, 22] . The experiments were carried out at atmospheric pressure, taking nitrogen (99.999% purity) as the discharge gas, controlling the gas flow rate in the range of 0-1 m 3 /h (cubic meter per hour) by a LZB-10 rotor flow meter. The power supply (model: CTP-2000K) applied in the DBD discharge operates with a frequency range of 1-60 kHz and quasi sinusoidal voltage output. Electrical measurements were performed using the P6015A type voltage probe (bandwidth 75 MHz, partial voltage ratio 1:1000) to measure the voltage on the electrodes, a Pearson 6585 type current probe to measure the discharge current, and a DS1022C digital storage oscilloscope is applied to record the waveform. The JVC GZ-MG575AC camera (CCD, 4 million pixels, 1/2-1/500 fps) was applied to shoot the discharge image.
Plasma emission spectra were measured in the axial and radial direction of the quartz tube, respectively, by a fiber probe, and then transmitted by an optical fiber to an AveSpec-3648 grating spectrometer with a slit of 20 µm (grating with a distance of 1200 G/mm and blaze wavelength to 350 nm, wavelength range for 200-1100 nm, with a resolution of 0.05 nm), and by a charge coupled device (CCD) detector with integral time of 2 ms to transform the spectra to digital signals for computer processing. The measured wavelength range is 240-450 nm in experiments. The discharge power is kept at about 140 W by using the peak to peak value of discharge voltage of ∼20.8 kV and driving the average current value of ∼70 mA at a frequency of 35 kHz.
3 Method for the calculation of T vib and T rot [23] The commonly used methods to determine the T vib and T rot of the discharge plasma are the Boltzmann plot method and the rovibrational emission spectra fitting. Two bands of N 2 (C 3 Π u − B 3 Π g , 0-1, 0-3) were used to calculate T vib and T rot by the two methods for the sake of comparison. The expression of band intensity of diatomic molecular OES is similar to that of atomic transitions. The upper and lower levels for diatomic molecular bands are the upper and lower vibrational levels. The intensity expression of the N 2 bands is given by:
in which, I ν ν is the spectral intensity of N 2 bands, h is the Planck constant, c is the light velocity, ν is the wave number of emitted photons, while ν and ν are the quantum number of the upper and lower vibrational states. A ν ν is the transition probabilities for two quantum states, N ν is the molecular number of upper level quantum states. The vibrational energy E ν of the vibrational levels of the diatomic molecular is given by
in which, ω e , ω e x e and ω e y e are the constants. For nitrogen molecules, ω e = 2035.1 cm −1 , ω e x e = 17.08 cm −1 , and ω e y e = −2.15 cm −1 , since the high order term contribution in Eq. (2) becomes quite small, the third and subsequent terms can be ignored. For Local Thermodynamic Equilibrium (LTE) plasmas, the vibration population of the upper electronic state of molecules satisfies the Boltzmann distribution,
in which, N 0 is the population of the lowest vibration level and k is the Boltzmann constant. By Eqs. (1), (2) and (3), it is concluded that ln
in which E ν is the energy of the vibrational level, and C is a constant. ln
can be plotted vs. E ν by a straight line. By fitting the experimental data to obtain the slope of the line T vib can be obtained. The vibration bands of N 2 (C 3 Π u − B 3 Π g ) and their corresponding leading wavelength are shown in Table 1 . The DBD discharge produces cold plasma at atmosphere pressure. The relax time is very short for molecular rotational energy and translational energy to reach thermal equilibrium. It is generally considered that the rotational temperature is close to the gas temperature. The P branch of the band of N 2 (C 3 Π u − B 3 Π g , 0-1, 357.7 nm) is used to calculate the rotational temperature because its leading wavelength is close to the blaze wavelength. The relative intensity of rotational transition lines can be expressed as:
in which, J , J is the rotational quantum number of the upper and lower level, respectively, F (J ) is the value of rovibronic term (in cm −1 ) of the upper state, T rot is the rotational temperature (in K), S J is the Hőnl-London factor, ν J J is the wave number of the rotational transitions, C emi is the emission coefficient that is related to the dipole moment, and Q r is the rotational distribution function. For the bands of N 2 (C 3 Π u − B 3 Π g ) and ∆Λ = 0, the expression of S J is given by
In the case of the triplet state, the spin decoupling rotational term value of the P branch of the N 2 (C 3 Π u − B 3 Π g , 0-1) band is given by:
, and A is the coupling constant. B ν is the rotational constant, which can be expressed as:
here, B e = 1.8259 cm −1 , α e = 0.0197 cm −1 , ν = 0, D ν is the average rotation constant with influence of the centrifugal force and can be expressed as
Here, D e = , ω e = 2035.1 cm −1 , because β e is very small compared with D e , and the second and subsequent terms can be ignored. To substitute Eqs. (6) -(13) into the expression (5), after a logarithmic operation, we have ln(
here, A = ln( 
Results and discussions
A typical OES of the nitrogen DBD plasma measured in the axial direction is shown in Fig. 2 with F N = 0.0 m 3 /h. It mainly composed of the second positive system of N 2 (C 3 Π u − B 3 Π g )(SPS), the first negative system of N
, as well as the NO-γ system of NO(A 2 Σ + − X 2 Π) in the 240-300 nm wavelength region, which is related to a certain amount of residual oxygen in the discharge gas. Fig. 3 shows the T vib tendency along with F N . The inset is the Boltzmann plot from the F N = 0.0 m 3 /h.
According to Eq. (4), E ν is expressed by x and taken as the horizontal axis and ln (I ν ν /νA ν ν ) is represented by y and taken as the vertical axis. The results show that with F N increasing from 0 m 3 /h to 0.2 m 3 /h, the T vib increases up to 2481 K, and then decreases with further increasing F N . Fig.2 The full emission spectra of the DBD discharge plasma Fig. 4 shows the typical results of T rot and T vib obtained by fitting the simulated spectra of N 2 (C 3 Π u − B 3 Π g , 0-1) with the measured one. The discharge conditions are the same as those in Fig. 2. Fig. 5 shows the results of varying T rot vs. All the above tendencies vs. F N are due to the effect of gas flow on the emissive nitrogen molecule production. As a homo-nuclear diatomic molecule, N 2 electronic, vibrational and rotational transition happens at the same time. According to the Born and Oppenheimer adiabatic approximation, the electron motion in a molecular can be separated from the nuclei motion. Therefore, the molecular motion can be divided into three parts, including molecular vibration, molecular rotation and the motion of electrons. On this basis, the coupling effect of them may be studied. Briefly, the total energy levels of molecules can be expressed as [23] :
in which T e , G and F denote the electron term, and the vibrational and rotational terms, respectively, while n, ν and J correspond to the quantum number. In general, one has T e >> G(ν) and G(ν) >> F (J). According to the Boltzmann distribution, i.e. Eq. (4), the larger N ν is, the higher T vib . For the C 3 Π u state of N 2 , the energy of the ν = 0 level is less than that of ν = 1. As can be seen in Fig. 2 Generally speaking, due to the small rotational level gap and frequent collision between the heavy particles at atmospheric pressure, DBD plasma readily reaches a thermal equilibrium between translational motion and rotational motion [5, 20] . Hence, the rotational temperature of heavy particles is approximately equal to the gas temperature of the discharge plasma.
The nitrogen flow going through the discharge gap takes away discharge heat. At a certain discharge power, the larger F N is, the more heat is taken away, and the lower T rot . Fig. 5 indeed shows that the T rot decreases with the increase F N ; however, the T rot keeps almost unchanged when F N ≥ 0.6 m 3 /h. It is reasonably conferred that the discharge mode is changed by the flowing gas ranging F N ≥ 0.6 m 3 /h. The mechanism of F N influencing on T vib is completely different from that on T rot , because the population quenching between vibrational levels at excited electronic states is less sufficient than that of rotational levels due to bigger vibrational gaps. In fact, high energy electrons can excite the molecules to upper vibrational state by collisions. The way to some excited state and the vibrational bands series emitted presented in the measured spectral range is given by [2] :
(∆E = 11.0 eV) 
The higher the energy of electrons is, the larger the population of the higher vibrational level, and therefore the higher T vib .
The ionization rate is also a function of electron energy or electric field strength [2, 17] . Generally, the collision cross section is larger for heavy particles, and their free path is much less than that of electrons, therefore electric fields are more likely to accelerate electrons. At atmosphere pressure, the electron temperature can reach a few eV (typically 1-2 eV), while there is some part of electrons that can reach above the energy threshold for exciting (
) transition (18.7 eV), and (C 3 Π u − B 3 Π g ) transition (11 eV). The discharge mode differentiates the discharge heat production and electron temperature and therefore affects gas temperature and molecular excited level population. The discharge photo is useful to depict the variation in discharge mode. Fig. 7 shows the DBD discharge photos: (a) filament mode (
With low F N , the discharge is obviously the filament mode as lots of bright filamentary channels are produced in the discharge gap due to the streamer mechanism. If nitrogen gas flows through the discharge gap at high speed, the streamer channels disperse. The higher F N is, the more obvious the dispersion effect. The filamentary channels outspread more to the direction of the gas flow and expand in volume while decline in brightness. Finally, the DBD discharge evolves to a diffusion mode. Therefore, the gas flow speed is the key for the discharge mode transition from filament to diffusion. In effect, gradually increasing the gas flow introduces a higher axial moving velocity for molecules, and therefore the molecules collide axially with ions produced in filament channels, which causes ions to deviate from the discharge channels. The filament channel dispersion occurs.
The filamentary DBD discharge is principally a nonlinear physical process [4, 17] . The influence of gas flow on the filament spatial pattern and discharge mode transition involves complex dynamic processes, such as the avalanche ionization, ion transportation and electron migration. According to the streamer theory, the ionization front in a filament is induced by previous photonic ionization. The charge distribution and electric field strength in the streamer are inhomogeneous. The streamer front with a strong electric field is the source for electrons with high energy, and capable of producing N + 2 .
With increasing F N , since the streamers extend in volume and decline in brightness, the electric field in the streamer front is weakened while the number of streamer channels declines, which results in both the yields of N + 2 and I 391.4nm decreasing. On the other hand, the streamer front is induced by photonic ionization but the discharge is mainly maintained by electron collision avalanche ionization (α ionization). Gas flow can extend the streamer channels and result in dispersion. Therefore, the discharge volume where α ionization occurs enlarges with increasing F N , which is helpful for the N Varying F N affects the discharge very significantly. Accompanied with the discharge mode evolution, the F N leads to changes in discharge temperature and spectral emission behavior simultaneously. For example, when increasing F N from 0 m 3 /h to 0.6 m 3 /h, I 315.9nm increases accordingly. Meanwhile, for F N > 0.6 m 3 /h, T rot , I 337.1nm and I 405.9nm remain unchanged. At gas flow F N =0.6 m 3 /h, there comes a critical point in the discharge for T rot , I 337.1nm , I 405.9nm and I 315.9nm , which hints that a new discharge mode is achieved completely.
There are other spectral results that also indicate that gas flow F N =0.6 m 3 /h is a critical transition point of the discharge. We turn to Fig. 3 again, which shows that T vib increases with increasing F N till F N =0.2 m 3 /h and then decreases with further increasing F N . The inflection divides the T vib tendency into two parts, which originated from the evolution of the streamer volume and shape with gas flow. The increment part is due to the dispersing effect of gas flow on the streamer head dimension of filaments. The gas flow enlarges the streamer head volume with a high electric field strength and then the energetic electrons can be produced more in the enlarged streamer head. The other part is because the streamer head enlarges too much with too fast a gas flow to decrease the electric field strength in the steamer front significantly and eventually it completely disappeared. Although the increase of F N can relatively improve the overall electric field spatial distribution, the spatial electric field is far smaller than the strong electric field in front of the streamer head. Therefore, the enlarged streamer head and weakened electrical strength result in the overall electron energy and density decrease [17] . Again as shown in Fig. 6(d) , when F N > 0.6 m 3 /h, the I 391.4nm turns to increase with the increased F N . Similarly to the paragraph above, the increase of F N can enlarge the streamer head through charge dispersion and increase the discharge volume with a strong electric field, as well as increase the electron energy and ionization rate to maintain the stable discharge current.
Summarizing the above, we can highlight the following mechanism. With the same discharge power, F N drives gas molecules moving in the axial direction of the DBD and causes the charged ions of the filament to be dispersed by collisions. Therefore, the larger F N is favorable to the formation of diffusing DBD discharge. Big enough F N can improve energetic electron production in some sense and discharge uniformity, which can heighten the discharge efficiency and expand the discharge volume. Gas flow can also promote heat exchange by taking heat away from the discharge gap and reduce gas temperature. The interaction of both effects leads to the discharge mode transition as F N ranging from 0.2 m 3 /h to 0.6 m 3 /h. The features of discharge mode transition change significantly at 0.2 m 3 /h F N , and achieve a stable pattern completely up to 0.6 m 3 /h F N . The two discharge modes have their own spectral characteristics, respectively.
Conclusions
In this paper, OES of N 2 DBD plasma is measured to study the effect of F N on discharge mode transition in a coaxial wire-cylinder DBD discharge at atmosphere pressure. The N 2 (C 3 Π u − B 3 Π g , 0 − 1) band was used to calculate the vibrational and the rotational temperature of the plasma nitrogen. Also other band leading intensities were studied vs. F N to explain the mechanism for mode transition. With F N increasing from 0 m 3 /h to 0.2 m 3 /h, T vib increased up to the maximum of 2481 K, and then decreased with further F N . The leading intensity of (0-0), (0-3) transitions of SPS decreased first and then increased with increasing F N . However, the leading intensity of the (1-0) transition increased with increasing F N up to 0.6 m 3 /h and then decreased. The I 391.4nm decreased with increasing F N less than 0.6 m 3 /h, and then increased with further F N .
The varying of F N impacts both the discharge pattern and the plasma characteristics significantly, and even induces discharge mode transition, due to the F N makes charge dispersion through the moving particles colliding with the ions produced in filamentary channels, as well as leading to the population of the molecular of the C 3 Π u vibration state transferring to a higher energy level. In addition, the T rot decreases with increasing F N for the fluid thermal effect until the discharge mode transition from filamentary to glow-like or diffusion discharge occurs.
